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Abstract 22	
Cold-Formed Steel (CFS) members with slotted perforations in webs are used in civil 23	
construction to amplify the thermal and energy performance of structures. However, the slotted 24	
webs reduce the structural performance of the element, prominently their shear, bending and 25	
combined bending and shear strengths. Many research studies have been undertaken to 26	
examine the behaviour of CFS channel sections subject to bending. Yet, no research has been 27	
performed to investigate the distortional buckling behaviour of slotted perforated CFS flexural 28	
members. Finite Element (FE) models of CFS channels with staggered slotted perforations 29	
were developed herein to investigate their distortional buckling under bending stress. A 30	
parametric study was conducted in detail by developing 432 slotted perforated CFS FE models 31	
based on the validation process with available experimental results. In particular, this paper 32	
presents the FE analysis details of CFS flexural members with slotted perforations subject to 33	
distortional buckling and results. The reliability of the current Direct Strength Method (DSM) 34	
for CFS flexural members with web holes subject to distortional buckling in accordance with 35	
the North American Specification (AISI S100) (2016) and the Australian/New Zealand 36	
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Standards (AS/NZ 4600) (2018) was investigated. Modified DSM formulae for slotted 37	
perforated CFS flexural members subject to distortional buckling were also proposed. 38	
Keywords: Cold-formed steel; Beam with Staggered Slotted Perforations; Ultimate Bending 39	
Capacity; Finite Element Analyses; Direct Strength Method; Distortional Buckling 40	
1 Introduction 41	
Cold-Formed Steel (CFS) members have been extensively employed as load-bearing structural 42	
members in low to mid-rise residential and commercial buildings and modular building 43	
constructions. The advancements achieved in CFS manufacturing technologies have led to 44	
modifications in CFS profiles. One such modification is CFS channels with staggered slotted 45	
perforations (see Fig. 1). These slotted perforated channels have been preferred in light gauge 46	
steel constructions to amplify the overall thermal, energy and fire performances [1-4]. The 47	
aforementioned performance enhancements are achieved from the presence of staggered 48	
slotted perforations in the web of CFS profiles which interrupt the direct heat flow path as 49	
depicted in Fig. 2. Therefore, staggered slotted perforated CFS channels have proven their 50	
promising advantages over solid web CFS channels and applicability in construction [1-4] (see 51	
Fig. 3). However, the structural performance of these types of channels needs to be examined 52	
thoroughly as the web perforations are more sensitive to the ultimate load-bearing capacities 53	
of the CFS channels.  54	
Previous studies have focused on investigating the compression, shear, and combined bending 55	
and shear behaviour of slotted perforated CFS wall studs and beams. Kesti [5] performed 56	
research on local and distortional buckling behaviour of slotted perforated wall studs and 57	
proposed suitable design guidelines. The shear behaviour of slotted perforated CFS channels 58	
has been investigated through structural tests [6] and numerical modelling [7] and it was found 59	
that the ultimate shear capacity was reduced up to 70% due to the presence of slotted 60	
perforations in the web. Degtyreva et al. [8] investigated the combined bending and shear 61	
behaviour of slotted perforated CFS channels through the numerical analysis and presented 62	
design proposals to predict the combined bending and shear capacity. Numerous experimental 63	
and numerical research studies have been performed to study the flexural behaviour of C-64	
sections, Z-sections, and hollow flange sections with solid webs [9-16]. In addition, flexural 65	
behaviour of CFS beams with conventional shape web holes have also been studied [17, 18] 66	
and the Direct Strength Method (DSM) based design equations have been modified to consider 67	
the effect of web holes on ultimate bending capacity. However, no research has been conducted 68	
on the distortional and local buckling behaviours of CFS flexural members with staggered 69	
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slotted web perforations to date, except some review about experimental studies in [19, 20]. 70	
Hence, detailed research is carried out herein to assess the distortional buckling behaviour of 71	
CFS flexural members with staggered slotted perforated webs.  72	
Detailed information on the numerical studies of staggered slotted perforated CFS flexural 73	
members subject to distortional buckling is presented. Initially, CFS solid, rectangular web 74	
hole, and slotted web elements were modelled and the results were compared with the available 75	
experimental data to verify the model. Subsequently, a wide range of parametric studies was 76	
conducted and the results were used to extend the DSM based distortional buckling design 77	
equations for stagged slotted perforated CFS flexural members. 78	
2 Finite element modelling description and verification 79	
The numerical models, with material and geometric nonlinearities, were constructed and 80	
analysed using a general-purpose Finite Element (FE) software, ANSYS [21]. FE specimen 81	
models were developed as simply supported four-point loading arrangement to ensure pure 82	
bending failure. Because of the symmetric nature of the loading arrangement, only half of the 83	
beam was modelled. FE models were analysed in two stages, linear elastic buckling analysis, 84	
and non-linear analysis, successively. The reported study utilized the supercomputer resources 85	
of South Ural State University. The supercomputer resources are the distributed memory 86	
parallel computers which resulted in a time efficiency of the performed FE analysis. The 87	
following sub-sections elaborate the detailed description on the FE model development. 88	
2.1 Material modelling 89	
The non-linearity of the material in CFS beams was modelled with von Mises yield criteria 90	
along with isotropic hardening. The model consists of two components which are CFS channels 91	
and Web Side Plates (WSPs). The thin-walled CFS channel and 5 mm thickness of WSPs were 92	
modelled as bi-linear isotropic hardening (elastic-perfectly plastic) and elastic material, 93	
respectively. The modulus of the elasticity of the material is considered as 200 GPa, the 94	
Poisson’s ratio was taken as 0.3 for both CFS channels and WSP. In general practice, both 95	
residual stresses and corner strength enhancements countereffect each other. Hence, both 96	
effects were not considered in the FE model development [22]. 97	
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2.2 Element types 98	
SHELL 181 element available in ANSYS [21] was used to model the CFS channels and WSPs. 99	
This SHELL181 element has four nodes and each node is controlled with three translational 100	
and three rotational degrees of freedom. This element is well-suited to simulate linear, large 101	
rotation and large strain non-linear problems, thus can result in accurate predictions accounting 102	
geometrical and material non-linearity of thin-walled CFS channels. The contact between WSP 103	
and CFS channel was modelled with CONTA173 and TARGE170 elements. 104	
2.3 Mesh control 105	
The CFS channels and WSPs were meshed with quadrilateral element shapes. For greater 106	
accuracy and efficiency of computing time, the solid segments (non-perforated regions) were 107	
refined with a maximum mesh size of 5 mm × 5 mm. However, the slotted perforated regions 108	
were provided with 1.5 mm × 5 mm mesh refinement, where 1.5 mm of maximum element 109	
size in the vertical direction and 5 mm maximum element size in the longitudinal direction in 110	
the perforated region. Similar mesh refinements were also used to study the shear [7] and 111	
combined bending and shear [8] behaviour of slotted perforated CFS channels. Fig. 4 shows 112	
the details of mesh refinements used in solid and slotted channels. 113	
2.4 Geometric imperfections 114	
The ultimate strength prediction and post-buckling behaviour of CFS thin-walled members 115	
hugely rely on initial geometric imperfections [23]. Therefore, the inclusion of geometric 116	
imperfections into the FE model is necessary. To account this, the imperfection shape and 117	
magnitude were incorporated to the FE models via super positioning buckling modes which 118	
were obtained from eigenvalue buckling analysis. The distortional buckling modes obtained in 119	
elastic buckling analysis were selected to add the imperfection. The general form of 120	
imperfection magnitude is given as a function of plate thickness or plate slenderness. Since the 121	
main focus of this paper is to investigate the distortional buckling behaviour of CFS flexural 122	
members with slotted perforations, imperfection magnitudes of 0.94t, 0.64t, and 0.15t (t = plate 123	
thickness) were used as proposed in [23, 24]. Detailed description on the imperfections can be 124	
found in the following sections. 125	
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2.5 Boundary conditions 126	
Four-point loading simply supported boundary conditions were provided to the FE model. The 127	
boundary conditions given to the CFS channels in the validation process are depicted in Figs. 128	
5-7. Only half of the test set-up was simulated due to the symmetric nature of the four-point 129	
loading bending test arrangement. The WSPs were the target surface and the CFS channels 130	
were the contact surface. All the WSP nodes were restrained in the x-direction at the support 131	
and loading point. The WSPs were connected to the CFS channels at the bolt locations through 132	
coupling the WSP and CFS channel nodes in x-, y-, and z-directions. Strap locations were 133	
simulated as boundary conditions by restraining the translation in the x-direction and the 134	
rotation in the z-direction. The translation of the support WSP in y-direction was restrained at 135	
the middle node of the bottom edge of the WSP. The nodes located at top edge of the loading 136	
WSP were also coupled in the y-direction. The load was applied to the coupled node, where all 137	
the vertical displacements are coupled, as displacement control approach. 138	
2.6 Analysis procedure 139	
The entire solution scheme has two phases: the elastic eigenvalue buckling analysis, and the 140	
non-linear analysis. Initially, elastic eigenvalue buckling analysis was performed to the 141	
developed FE models to generate the possible buckling modes. From that, the lowest 142	
distortional buckling mode was used to input the shape and magnitude of the initial geometric 143	
imperfection for non-linear analysis. The non-linear static analysis was used to obtain the 144	
ultimate bending capacity subject to distortional buckling and the failure mode. This non-linear 145	
analysis allows material yielding and large deformations when CFS beam subjected to loading 146	
thus produces accurate results. The non-linear analysis was performed through sparse direct 147	
equation solver. 148	
2.7 FE Model verification 149	
FE models were developed and verified against the available experiment results to ensure the 150	
considered model characteristics are suitable for further study. Distortional buckling test results 151	
of six solid web channels [25], three solid CFS channels and six CFS channels with rectangular 152	
unstiffened web holes [17], and five CFS beams with slotted perforations [19] were used to 153	
validate the FE models.  Distortional buckling failure in the mid-span (pure bending zone) of 154	
the four-point loading set-up was achieved by unrestraining the lateral translation of the 155	
compression flange of CFS channels. Fig 4 shows the developed FE models for the validation 156	
against test results while Figs. 5, 6 and 7 depict the provided boundary conditions to simulate 157	
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the actual test boundary conditions used in [25], [17] and [19] respectively. During this 158	
verification process, three different imperfection magnitudes (0.94t, 0.64t, and 0.15t, where t 159	
= plate thickness) with positive and negative values were used to determine the ultimate 160	
capacity of the FE models. These positive and negative values represent the associated 161	
distortional buckling modes of inward and outward movement of the top flange-lip juncture. 162	
Table 1, Table 2 and Table 3 present the comparisons of the ultimate bending capacity results 163	
subjected to distortional buckling failure obtained from the experiments (reported in [25], [17] 164	
and [19] respectively) and FE analyses. Overall comparison of the test results and FE analysis 165	
bending capacity predicted with different imperfection magnitude is provided in Table 4. From 166	
Table 4, it can be noticed that the mean values of the test to FE ultimate capacity ratio for all 167	
20 specimens show satisfactory agreement. Even though the imperfections were not measured 168	
during the past distortional buckling tests [25, 17, 19] which are used for validation, the 169	
selected imperfections magnitudes (0.15t, 0.64t and 0.94t) based on the proposals made by 170	
Schafer and Pekoz [23] and Camotim and Silvestre [24] suited well to use in FE modelling. 171	
Moreover, the selected imperfection magnitudes are within the manufacturing limits. Similar 172	
imperfection magnitudes were also used in past research studies [13, 26]. To elaborate, it 173	
provides a mean value of 1.03, 1.06, 1.02, 1.04, 0.98, and 0.98 for imperfection magnitudes of 174	
0.94t, -0.94t, 0.64t,-0.64t, 0.15t, and -0.15t, respectively. In addition to that the coefficient of 175	
variation (COV) values are 0.07 for 0.94t , 0.06 for -0.94t, 0.64t, -0.64t, and 0.15t, and 0.08 for 176	
-0.15t imperfection magnitudes.  177	
Table 1: Comparison of FE results and experimental [25] bending capacities of solid CFS channels 178	
Sections Test 
(kNm) 
FE results for different imperfection magnitudes 

























С15015-Mw 9.47 9.97 0.95 8.91 1.06 9.90 0.96 9.04 1.05 9.61 0.99 9.44 1.00 
С15019-Mw 12.94 12.51 1.03 11.78 1.10 12.95 1.00 12.05 1.07 13.51 0.96 12.81 1.01 
С15024-Mw 17.76 16.21 1.10 15.19 1.17 16.36 1.09 15.50 1.15 16.70 1.06 16.11 1.10 
С20015-Mw 12.20 11.95 1.02 10.66 1.14 11.82 1.03 10.91 1.12 11.75 1.04 11.53 1.06 
С20019-Mw 18.85 17.35 1.09 16.70 1.13 18.60 1.01 17.32 1.09 19.04 0.99 18.39 1.03 
С20024-Mw 27.88 26.46 1.05 24.54 1.14 27.33 1.02 24.92 1.12 26.22 1.06 25.66 1.09 
Min   0.95  1.06  0.96  1.05  0.96  1.00 
Max   1.10  1.17  1.09  1.15  1.06  1.10 
Mean   1.04  1.12  1.02  1.10  1.02  1.05 
COV   0.05  0.03  0.04  0.03  0.04  0.04 










FE results for different imperfection magnitudes 

























NH-1.1 12.6 12.06 1.05 12.06 1.04 12.15 1.04 12.35 1.02 13.52 0.93 14.42 0.87 
NH-2.1 12.51 11.71 1.07 11.71 1.07 11.82 1.06 12.00 1.04 13.31 0.94 13.86 0.90 
NH-3.2 13.02 11.92 1.09 11.92 1.09 12.03 1.08 12.21 1.07 13.49 0.97 14.19 0.92 
H0.9-1.1 9.65 9.17 1.05 9.33 1.03 9.27 1.04 9.52 1.01 10.03 0.96 10.49 0.92 
H0.9-2.2 10.54 9.58 1.10 9.83 1.07 9.76 1.08 10.12 1.04 11.29 0.93 11.62 0.91 
H0.9-3.1 10.84 9.77 1.11 10.00 1.08 9.94 1.09 10.32 1.05 11.49 0.94 11.88 0.91 
H0.8-1.2 8.19 8.34 0.98 8.44 0.97 8.55 0.96 8.63 0.95 9.03 0.91 9.20 0.89 
H0.8-2.2 8.55 8.34 1.03 8.44 1.01 8.55 1.00 8.63 0.99 9.01 0.95 9.18 0.93 
H0.8-3.2 8.56 8.53 1.00 8.62 0.99 8.73 0.98 8.81 0.97 9.25 0.93 9.38 0.91 
Min   0.98  0.97  0.96  0.95  0.91  0.87 
Max   1.11  1.09  1.09  1.07  0.97  0.93 
Mean   1.05  1.04  1.04  1.02  0.94  0.91 
COV   0.04  0.04  0.05  0.04  0.02  0.02 
Note: t = thickness 185	
Table 3: Comparison of FE results and experimental [19] bending capacities of slotted perforated CFS channels 186	
Sections Test 
(kNm) 
FE results  for different imperfection magnitudes 

























PA-145-1.0 2.65 2.99 0.89 2.83 0.94 3.03 0.88 2.85 0.93 2.91 0.91 2.91 0.91 
PA-145-1.5 5.42 5.72 0.95 5.00 1.08 5.78 0.94 5.08 1.07 5.40 1.00 5.19 1.04 
PA-195-1.0 3.92 3.58 1.10 3.93 1.00 3.73 1.05 3.95 0.99 3.68 1.06 4.00 0.98 
PA-195-1.5 6.80 7.58 0.90 6.58 1.03 6.81 1.00 6.61 1.03 7.59 0.90 6.67 1.02 
PA-195-1.3 4.22 3.87 1.09 4.29 0.98 3.79 1.11 3.81 1.11 3.83 1.10 3.82 1.11 
Min   0.89  0.94  0.88  0.93  0.90  0.91 
Max   1.10  1.08  1.11  1.11  1.10  1.11 
Mean   0.98  1.01  1.00  1.03  1.00  1.01 
COV   0.10  0.05  0.09  0.07  0.09  0.07 
Note: t = thickness 187	
 188	
Table 4: Overall comparison of FE results and experimental [25, 17, 19] bending capacities of CFS channels 189	













Min 0.89 0.94 0.88 0.93 0.90 0.87 
Max 1.11 1.17 1.11 1.15 1.10 1.11 
Mean 1.03 1.06 1.02 1.04 0.98 0.98 
COV 0.07 0.06 0.06 0.06 0.06 0.08 
Note: t = thickness 190	
During the tests, the vertical displacement of the midpoint of the beam span was measured with 191	
the application of load. Similarly, in FE models the displacement of the midpoint of the beam 192	
span was obtained to ensure the test and FE deformations can be compared. Fig. 8 depicts the 193	
failure mode comparison between the FE analysis and test [26] for 150 mm deep channel with 194	
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1.9 mm thickness and without straps (C15019-Mw) while Fig. 9 shows the load-vertical 195	
displacement behaviour obtained for the specimen C15019-Mw from the experiment [25] and 196	
FE analysis. Both test and FE modelling load-vertical displacement have shown almost linear 197	
response in Fig. 9 as this CFS section is relatively slender. In addition, this can cause sudden 198	
elastic distortional buckling failure in mid-span. The aforementioned behaviour was observed 199	
in tests by Pham and Hancock [25] and FE analysis in this study (see Fig. 8). This confirms 200	
that the non-linear response is more likely to happen in stocky sections. The load-vertical 201	
displacement behaviour for C15019-Mw shows consistent results at each stage in FE analysis 202	
and test. The failure modes also depicted a high similarity between FE analysis and test. 203	
Moreover, failure modes comparison between the test [17] and FE analysis for the specimens 204	
with rectangular web openings is illustrated in Fig. 10. This comparison also showed similar 205	
failure modes obtained in both cases of test and FE analysis. Overall, FE results for the CFS 206	
flexural members which fail under distortional buckling agree well with that of the test results 207	
in terms of (a) ultimate bending capacity; (b) load-vertical displacement behaviour and (c) 208	
failure modes. This confirms that similar FE models characteristics including element types, 209	
material model, and analysis type can be used to perform the parametric studies of CFS flexural 210	
members with staggered slotted perforations subject to distortional buckling. 211	
3 Parametric studies 212	
This section presents the FE model details of the parametric study which was conducted to 213	
investigate the distortional buckling failure behaviour of CFS flexural members. The 214	
parametric study was aimed to create a wide range of data set and to develop improved design 215	
guidelines to predict the ultimate bending capacity of CFS beams with staggered slotted 216	
perforations subject to distortional buckling.  217	
3.1 Varying parameters 218	
After the validation process, a parametric study was conducted to create a wide range of results 219	
base which can cover wider bounds. Therefore, the improved formula could be able to predict 220	
the distortional buckling ultimate bending capacity of the staggered slotted perforated CFS 221	
beams with different dimensional and mechanical properties. Therefore, section depth (D), 222	
Flange width (Bf) (constant for particular section depth (D)), thickness (t), slot length (Lsl), slot 223	
width (Wsl), number of slot rows (n), number of slot row groups (N) and yield strength (fy) 224	
were varied. Three different section depths of 150, 200, and 250 mm, two different flange 225	
lengths of 45 and 65 mm, three different thicknesses of 1, 2, and 3 mm, two different slot length 226	
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of 60 and 75 mm, two different slot widths of 3 and 5 mm, three different slot rows of 6, 8, and 227	
12 (6 rows for 150 mm section depth, 6 and 8 rows for 200 mm section depth, and 6, 8, and 12 228	
rows for 250 mm section depth) , two-slot row groups and three different yield strength of 300, 229	
500, and 600 MPa were considered in the parametric study. The varying parameters are 230	
presented in Table 5. A total number of 432 FE models were developed and analysed for this 231	
parametric study considering the aforementioned influencing parameters. The labelling rule for 232	
the FE models developed for the parametric study is illustrated in Fig.11. 233	
 234	















n N Number of  
models 
300 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
500 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
600 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
Total         432 
Note:  fy = yield stress, D = section depth, Bf = flange width, Bl = lip length, t = thickness, Lsl = slot length, Wsl = slot width, 236	
n = number of slot rows, N = number of slot row groups 237	
3.2 Selection of FE model span 238	
The validated FE models have the total span of 2600, 4800, and 3950 mm as similar to test 239	
spans which were reported in [25], [17], and [19], respectively. For the parametric study, it is 240	
essential to select one span. Therefore, a few analyses were performed to evaluate the influence 241	
of the total span on the ultimate bending capacity of the CFS beams with staggered slotted 242	
perforations. For same dimensions of the CFS beams, the analysis was conducted in two 243	
options: (a) CFS beams having the span of 4800 mm and staggered slotted perforations 244	
incorporated in the entire web of the span (see Fig. 12); (b) CFS beams having the span of 2600 245	
mm and staggered slotted perforations incorporated only in web of the mid-span (see Fig. 13). 246	
The boundary conditions used for these two options are depicted in Figs. 14 and 15, 247	
respectively. The ultimate bending capacity obtained from the FE analysis for these two cases 248	
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were compared and the results are presented in Table 6. Figs. 16-18 shows the failure modes 249	
comparison obtained at different stages for these short and long span channels. The results 250	
showed that the span and providing slotted perforation in two end spans of the four-point 251	
loading arrangement do not influence the ultimate bending capacity. Therefore, the span of 252	
2600 mm with staggered slotted perforations provided only in the mid-span (option (b)) was 253	
used for the parametric study because the shorter span consumes less computational time 254	
compared to the larger span and the solid shear span in the shorter beam prevents the combined 255	
bending and shear failure. 256	
Moreover, Pham and Hancock [25] and Moen et al. [17] used different mid-span lengths of 257	
1000 mm and 1626 mm, respectively in their four-point test set-ups. The performed analysis 258	
to investigate the influence of the total span of the four-point set-up also confirm the different 259	
lengths for mid-span (option (a): mid-span is 1626 mm, and option (b): mid-span is 1000 mm 260	
) have no influence on the ultimate bending capacity prediction. Hence, the consideration of 261	
the ratio between mid-span and the distortional buckling half wavelength is likely to be 262	
neglected. 263	
Table 6: FE ultimate bending capacity comparison for slotted CFS channels having different spans. 264	




Mslots, 4.8 /Mslots, 2.6 
 
150-1-60-3-1-6-600 3.88 3.85 1.01 
150-1-60-3-2-6-600 3.47 3.44 1.01 
150-3-60-3-1-6-600 16.02 15.94 1.01 
150-3-60-3-2-6-600 15.45 15.35 1.01 
250-1-60-3-1-6-600 6.22 6.20 1.00 
250-1-60-3-2-6-600 6.16 6.15 1.00 
250-1-60-3-1-12-600 6.04 6.06 1.00 
250-1-60-3-2-12-600 5.79 5.76 1.00 
250-3-60-3-1-6-600 36.11 36.02 1.00 
250-3-60-3-2-6-600 35.59 35.56 1.00 
250-3-60-3-1-12-600 34.77 34.74 1.00 
250-3-60-3-2-12-600 33.41 33.36 1.00 
150-1-60-3-1-6-300 2.74 2.73 1.00 
150-1-60-3-2-6-300 2.57 2.58 1.00 
150-3-60-3-1-6-300 9.23 9.20 1.00 
150-3-60-3-2-6-300 9.05 9.00 1.01 
250-1-60-3-1-6-300 4.81 4.80 1.00 
250-1-60-3-2-6-300 4.73 4.79 0.99 
250-1-60-3-1-12-300 4.63 4.65 1.00 
250-1-60-3-2-12-300 4.42 4.40 1.01 
250-3-60-3-1-6-300 22.15 22.10 1.00 
250-3-60-3-2-6-300 21.82 21.81 1.00 
250-3-60-3-1-12-300 21.35 21.33 1.00 
250-3-60-3-2-12-300 20.71 20.72 1.00 
Note: Mslots, 4.8 = bending capacity for 4800 mm span, Mslots, 2.6 = bending capacity for 2600 mm span 265	
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4 Results analysis of the parametric study 266	
The flexural behaviour of CFS beams with staggered slotted perforations was investigated in 267	
detail using 432 FE parametric models. In addition to that the bending capacity of the 268	
corresponding solid web channels (without slotted perforations) were also obtained from FE as 269	
a reference and those results were required to propose improved design guidelines as explained 270	
in following sections. Figs 19a and 19b show the von Mises stress failure modes of the 150 271	
mm section depth CFS solid web channels and the corresponding failure modes when staggered 272	
slotted perforations are provided. In addition to that deformation failure patterns obtained from 273	
the FE analysis for the staggered slotted perforated CFS channels are depicted in Fig. 20.  Table 274	
7 summarises the distortional buckling moments, section and elastic properties of the solid web 275	
channels. The entire parametric study results of bending capacity for the staggered slotted 276	
perforations and the corresponding capacities for the solid CFS channels are presented in Table 277	
8-10 for 300, 500, and 600 MPa yield strengths, respectively. Here Msolid is the flexural capacity 278	
of the solid CFS channels and the Mslots is the flexural capacity of the staggered slotted channels 279	
subjected to distortional buckling. The reduction factor, which is the ratio between the bending 280	
capacity of the staggered slotted channel and the corresponding bending capacity of the solid 281	
CFS channel are also presented in Table 8-10 for all 432 Fe models.  Overall, it can be noticed 282	
up to 23% of bending capacity reduction was noticed and this occurs when web experiences 283	
the highest web area reduction. The small capacity reduction was noticed when the CFS 284	
channel web experiences the lowest area reduction due to the slotted perforations. Moreover, 285	
CFS channels with two-row groups of slotted perforations resulted in a higher bending capacity 286	
reduction than similar CFS channels with single row groups of slotted perforations when other 287	
parameters remain the same. This behaviour can be argued that the slotted perforations are 288	
subjected to higher compressive stress as the slots are placed near the compression flange in 289	
the case of two slot row groups, but near the neutral axis in the case of single-slot row group. 290	
The variation of the reduction factor against the considered influencing parameters is plotted 291	
in Fig. 21.   292	
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150 45 13 1 11 416 13 812 1.21 3.52 0.99 1.27 1.39 
   2 21 416 26 945 1.26 15.12 0.65 0.84 0.92 
   3 30 024 39 404 1.31 37.16 0.49 0.64 0.70 
200 45 13 1 17 018 20 987 1.23 3.81 1.16 1.49 1.64 
   2 32 199 41 094 1.28 16.90 0.76 0.98 1.07 
   3 45 567 60 329 1.32 43.39 0.57 0.73 0.80 
250 65 13 1 28 416 34 393 1.21 3.65 1.51 1.95 2.14 
   2 54 495 67 644 1.24 16.38 0.99 1.28 1.40 
   3 78 260 99 824 1.28 41.74 0.75 0.97 1.06 
Mean      1.26     
Note: D = section depth, Bf = flange width, Bl = lip length, Z = elastic section modulus, S = plastic section modulus, Mod = 294	
distortional buckling moment, ld = distortional buckling slenderness based on yield and distortional buckling 295	
moment 296	
 297	
Table 8: Parametric study results for fy = 300 MPa  298	
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-300 2.73 2.95 0.93 73 250-1-60-3-1-6-300 4.82 4.93 0.98 
2 150-1-60-5-1-6-300 2.66 2.95 0.90 74 250-1-60-5-1-6-300 4.83 4.93 0.98 
3 150-1-75-3-1-6-300 2.64 2.95 0.90 75 250-1-75-3-1-6-300 4.80 4.93 0.97 
4 150-1-75-5-1-6-300 2.55 2.95 0.87 76 250-1-75-5-1-6-300 4.72 4.93 0.96 
5 150-1-60-3-2-6-300 2.58 2.95 0.88 77 250-1-60-3-2-6-300 4.79 4.93 0.97 
6 150-1-60-5-2-6-300 2.40 2.95 0.82 78 250-1-60-5-2-6-300 4.74 4.93 0.96 
7 150-1-75-3-2-6-300 2.44 2.95 0.83 79 250-1-75-3-2-6-300 4.72 4.93 0.96 
8 150-1-75-5-2-6-300 2.30 2.95 0.78 80 250-1-75-5-2-6-300 4.68 4.93 0.95 
9 150-2-60-3-1-6-300 6.09 6.44 0.95 81 250-1-60-3-1-8-300 4.80 4.93 0.97 
10 150-2-60-5-1-6-300 5.99 6.44 0.93 82 250-1-60-5-1-8-300 4.76 4.93 0.97 
11 150-2-75-3-1-6-300 5.96 6.44 0.93 83 250-1-75-3-1-8-300 4.74 4.93 0.96 
12 150-2-75-5-1-6-300 5.86 6.44 0.91 84 250-1-75-5-1-8-300 4.66 4.93 0.94 
13 150-2-60-3-2-6-300 5.90 6.44 0.92 85 250-1-60-3-2-8-300 4.71 4.93 0.95 
14 150-2-60-5-2-6-300 5.75 6.44 0.89 86 250-1-60-5-2-8-300 4.68 4.93 0.95 
15 150-2-75-3-2-6-300 5.80 6.44 0.90 87 250-1-75-3-2-8-300 4.60 4.93 0.93 
16 150-2-75-5-2-6-300 5.64 6.44 0.88 88 250-1-75-5-2-8-300 4.52 4.93 0.92 
17 150-3-60-3-1-6-300 9.20 9.53 0.96 89 250-1-60-3-1-12-300 4.65 4.93 0.94 
18 150-3-60-5-1-6-300 9.10 9.53 0.95 90 250-1-60-5-1-12-300 4.60 4.93 0.93 
19 150-3-75-3-1-6-300 9.42 9.53 0.99 91 250-1-75-3-1-12-300 4.57 4.93 0.93 
20 150-3-75-5-1-6-300 9.32 9.53 0.98 92 250-1-75-5-1-12-300 4.49 4.93 0.91 
21 150-3-60-3-2-6-300 9.00 9.53 0.94 93 250-1-60-3-2-12-300 4.40 4.93 0.89 
22 150-3-60-5-2-6-300 8.83 9.53 0.93 94 250-1-60-5-2-12-300 4.36 4.93 0.88 
23 150-3-75-3-2-6-300 9.22 9.53 0.97 95 250-1-75-3-2-12-300 4.31 4.93 0.87 
24 150-3-75-5-2-6-300 9.03 9.53 0.95 96 250-1-75-5-2-12-300 4.23 4.93 0.86 
25 200-1-60-3-1-6-300 3.86
*
 3.86 1.00 97 250-2-60-3-1-6-300 13.61 13.70 0.99 
26 200-1-60-5-1-6-300 3.81 3.86 0.99 98 250-2-60-5-1-6-300 13.54 13.70 0.99 
27 200-1-75-3-1-6-300 3.74 3.86 0.97 99 250-2-75-3-1-6-300 13.48 13.70 0.98 
28 200-1-75-5-1-6-300 3.69 3.86 0.96 100 250-2-75-5-1-6-300 13.34 13.70 0.97 
29 200-1-60-3-2-6-300 3.68 3.86 0.95 101 250-2-60-3-2-6-300 13.42 13.70 0.98 
30 200-1-60-5-2-6-300 3.63 3.86 0.94 102 250-2-60-5-2-6-300 13.38 13.70 0.98 
31 200-1-75-3-2-6-300 3.60 3.86 0.93 103 250-2-75-3-2-6-300 13.31 13.70 0.97 
32 200-1-75-5-2-6-300 3.54 3.86 0.92 104 250-2-75-5-2-6-300 13.21 13.70 0.96 
33 200-1-60-3-1-8-300 3.72 3.86 0.96 105 250-2-60-3-1-8-300 13.48 13.70 0.98 
34 200-1-60-5-1-8-300 3.67 3.86 0.95 106 250-2-60-5-1-8-300 13.41 13.70 0.98 
35 200-1-75-3-1-8-300 3.75 3.86 0.97 107 250-2-75-3-1-8-300 13.32 13.70 0.97 
13	
	
36 200-1-75-5-1-8-300 3.71 3.86 0.96 108 250-2-75-5-1-8-300 13.19 13.70 0.96 
37 200-1-60-3-2-8-300 3.56 3.86 0.92 109 250-2-60-3-2-8-300 13.22 13.70 0.97 
38 200-1-60-5-2-8-300 3.48 3.86 0.90 110 250-2-60-5-2-8-300 13.16 13.70 0.96 
39 200-1-75-3-2-8-300 3.45 3.86 0.89 111 250-2-75-3-2-8-300 13.12 13.70 0.96 
40 200-1-75-5-2-8-300 3.33 3.86 0.86 112 250-2-75-5-2-8-300 13.00 13.70 0.95 
41 200-2-60-3-1-6-300 8.87 9.03 0.98 113 250-2-60-3-1-12-300 13.11 13.70 0.96 
42 200-2-60-5-1-6-300 8.77 9.03 0.97 114 250-2-60-5-1-12-300 13.01 13.70 0.95 
43 200-2-75-3-1-6-300 8.69 9.03 0.96 115 250-2-75-3-1-12-300 12.95 13.70 0.95 
44 200-2-75-5-1-6-300 8.56 9.03 0.95 116 250-2-75-5-1-12-300 12.75 13.70 0.93 
45 200-2-60-3-2-6-300 8.61 9.03 0.95 117 250-2-60-3-2-12-300 12.68 13.70 0.93 
46 200-2-60-5-2-6-300 8.51 9.03 0.94 118 250-2-60-5-2-12-300 12.36 13.70 0.90 
47 200-2-75-3-2-6-300 8.44 9.03 0.93 119 250-2-75-3-2-12-300 12.44 13.70 0.91 
48 200-2-75-5-2-6-300 8.31 9.03 0.92 120 250-2-75-5-2-12-300 11.96 13.70 0.87 
49 200-2-60-3-1-8-300 8.70 9.03 0.96 121 250-3-60-3-1-6-300 22.13 22.66 0.98 
50 200-2-60-5-1-8-300 8.59 9.03 0.95 122 250-3-60-5-1-6-300 22.02 22.66 0.97 
51 200-2-75-3-1-8-300 8.50 9.03 0.94 123 250-3-75-3-1-6-300 22.56 22.66 0.99 
52 200-2-75-5-1-8-300 8.36 9.03 0.93 124 250-3-75-5-1-6-300 22.38 22.66 0.99 
53 200-2-60-3-2-8-300 8.37 9.03 0.93 125 250-3-60-3-2-6-300 21.84 22.66 0.96 
54 200-2-60-5-2-8-300 8.26 9.03 0.91 126 250-3-60-5-2-6-300 21.69 22.66 0.96 
55 200-2-75-3-2-8-300 8.20 9.03 0.91 127 250-3-75-3-2-6-300 22.22 22.66 0.98 
56 200-2-75-5-2-8-300 8.09 9.03 0.90 128 250-3-75-5-2-6-300 22.02 22.66 0.97 
57 200-3-60-3-1-6-300 13.80 13.86 1.00 129 250-3-60-3-1-8-300 22.01 22.66 0.97 
58 200-3-60-5-1-6-300 13.73 13.86 0.99 130 250-3-60-5-1-8-300 21.81 22.66 0.96 
59 200-3-75-3-1-6-300 13.96 13.86 1.01
*
 131 250-3-75-3-1-8-300 22.32 22.66 0.98 
60 200-3-75-5-1-6-300 13.87 13.86 1.00
*
 132 250-3-75-5-1-8-300 22.07 22.66 0.97 
61 200-3-60-3-2-6-300 13.60 13.86 0.98 133 250-3-60-3-2-8-300 21.52 22.66 0.95 
62 200-3-60-5-2-6-300 13.50 13.86 0.97 134 250-3-60-5-2-8-300 21.34 22.66 0.94 
63 200-3-75-3-2-6-300 13.74 13.86 0.99 135 250-3-75-3-2-8-300 21.87 22.66 0.97 
64 200-3-75-5-2-6-300 13.56 13.86 0.98 136 250-3-75-5-2-8-300 21.62 22.66 0.95 
65 200-3-60-3-1-8-300 13.66 13.86 0.99 137 250-3-60-3-1-12-300 21.38 22.66 0.94 
66 200-3-60-5-1-8-300 13.58 13.86 0.98 138 250-3-60-5-1-12-300 21.12 22.66 0.93 
67 200-3-75-3-1-8-300 13.75 13.86 0.99 139 250-3-75-3-1-12-300 21.61 22.66 0.95 
68 200-3-75-5-1-8-300 13.63 13.86 0.98 140 250-3-75-5-1-12-300 21.28 22.66 0.94 
69 200-3-60-3-2-8-300 13.37 13.86 0.96 141 250-3-60-3-2-12-300 20.74 22.66 0.92 
70 200-3-60-5-2-8-300 13.21 13.86 0.95 142 250-3-60-5-2-12-300 20.40 22.66 0.90 
71 200-3-75-3-2-8-300 13.39 13.86 0.97 143 250-3-75-3-2-12-300 20.96 22.66 0.92 
72 200-3-75-5-2-8-300 13.20 13.86 0.95 144 250-3-75-5-2-12-300 20.42 22.66 0.90 
Note: Mslots = bending capacity of slotted web channel, Msolid = bending capacity of solid web channel, * = numerical errors 299	
 300	
Table 9: Parametric study results for fy = 500 MPa  301	
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-500 3.65 3.85 0.95 73 250-1-60-3-1-6-500 5.73 5.94 0.96 
2 150-1-60-5-1-6-500 3.54 3.85 0.92 74 250-1-60-5-1-6-500 5.76 5.94 0.97 
3 150-1-75-3-1-6-500 3.52 3.85 0.91 75 250-1-75-3-1-6-500 5.75 5.94 0.97 
4 150-1-75-5-1-6-500 3.36 3.85 0.87 76 250-1-75-5-1-6-500 5.71 5.94 0.96 
5 150-1-60-3-2-6-500 3.23 3.85 0.84 77 250-1-60-3-2-6-500 5.75 5.94 0.97 
6 150-1-60-5-2-6-500 3.08 3.85 0.80 78 250-1-60-5-2-6-500 5.71 5.94 0.96 
7 150-1-75-3-2-6-500 3.16 3.85 0.82 79 250-1-75-3-2-6-500 5.68 5.94 0.96 
8 150-1-75-5-2-6-500 2.97 3.85 0.77 80 250-1-75-5-2-6-500 5.64 5.94 0.95 
9 150-2-60-3-1-6-500 8.88 9.53 0.93 81 250-1-60-3-1-8-500 5.79 5.94 0.98 
10 150-2-60-5-1-6-500 8.71 9.53 0.91 82 250-1-60-5-1-8-500 5.76 5.94 0.97 
11 150-2-75-3-1-6-500 8.60 9.53 0.90 83 250-1-75-3-1-8-500 5.73 5.94 0.97 
12 150-2-75-5-1-6-500 8.43 9.53 0.88 84 250-1-75-5-1-8-500 5.69 5.94 0.96 
13 150-2-60-3-2-6-500 8.46 9.53 0.89 85 250-1-60-3-2-8-500 5.69 5.94 0.96 
14 150-2-60-5-2-6-500 8.20 9.53 0.86 86 250-1-60-5-2-8-500 5.64 5.94 0.95 
15 150-2-75-3-2-6-500 8.23 9.53 0.86 87 250-1-75-3-2-8-500 5.62 5.94 0.95 
14	
	
16 150-2-75-5-2-6-500 7.89 9.53 0.83 88 250-1-75-5-2-8-500 5.48 5.94 0.92 
17 150-3-60-3-1-6-500 13.91 14.71 0.95 89 250-1-60-3-1-12-500 5.62 5.94 0.95 
18 150-3-60-5-1-6-500 13.70 14.71 0.93 90 250-1-60-5-1-12-500 5.58 5.94 0.94 
19 150-3-75-3-1-6-500 14.13 14.71 0.96 91 250-1-75-3-1-12-500 5.54 5.94 0.93 
20 150-3-75-5-1-6-500 13.92 14.71 0.95 92 250-1-75-5-1-12-500 5.49 5.94 0.92 
21 150-3-60-3-2-6-500 13.46 14.71 0.91 93 250-1-60-3-2-12-500 5.37 5.94 0.90 
22 150-3-60-5-2-6-500 13.11 14.71 0.89 94 250-1-60-5-2-12-500 5.29 5.94 0.89 
23 150-3-75-3-2-6-500 13.67 14.71 0.93 95 250-1-75-3-2-12-500 5.24 5.94 0.88 
24 150-3-75-5-2-6-500 13.29 14.71 0.90 96 250-1-75-5-2-12-500 5.18 5.94 0.87 
25 200-1-60-3-1-6-500 5.18 5.06 1.02
*
 97 250-2-60-3-1-6-500 18.92 19.09 0.99 
26 200-1-60-5-1-6-500 5.12 5.06 1.01
*
 98 250-2-60-5-1-6-500 18.83 19.09 0.99 
27 200-1-75-3-1-6-500 5.07 5.06 1.00
*
 99 250-2-75-3-1-6-500 18.68 19.09 0.98 
28 200-1-75-5-1-6-500 5.01 5.06 0.99 100 250-2-75-5-1-6-500 18.61 19.09 0.97 
29 200-1-60-3-2-6-500 4.97 5.06 0.98 101 250-2-60-3-2-6-500 18.79 19.09 0.98 
30 200-1-60-5-2-6-500 4.90 5.06 0.97 102 250-2-60-5-2-6-500 18.69 19.09 0.98 
31 200-1-75-3-2-6-500 4.88 5.06 0.96 103 250-2-75-3-2-6-500 18.61 19.09 0.97 
32 200-1-75-5-2-6-500 4.75 5.06 0.94 104 250-2-75-5-2-6-500 18.49 19.09 0.97 
33 200-1-60-3-1-8-500 5.01 5.06 0.99 105 250-2-60-3-1-8-500 18.89 19.09 0.99 
34 200-1-60-5-1-8-500 4.95 5.06 0.98 106 250-2-60-5-1-8-500 18.72 19.09 0.98 
35 200-1-75-3-1-8-500 5.08 5.06 1.00
*
 107 250-2-75-3-1-8-500 18.66 19.09 0.98 
36 200-1-75-5-1-8-500 4.90 5.06 0.97 108 250-2-75-5-1-8-500 18.52 19.09 0.97 
37 200-1-60-3-2-8-500 4.79 5.06 0.95 109 250-2-60-3-2-8-500 18.58 19.09 0.97 
38 200-1-60-5-2-8-500 4.62 5.06 0.91 110 250-2-60-5-2-8-500 18.42 19.09 0.96 
39 200-1-75-3-2-8-500 4.59 5.06 0.91 111 250-2-75-3-2-8-500 18.35 19.09 0.96 
40 200-1-75-5-2-8-500 4.40 5.06 0.87 112 250-2-75-5-2-8-500 18.26 19.09 0.96 
41 200-2-60-3-1-6-500 12.70 12.94 0.98 113 250-2-60-3-1-12-500 18.42 19.09 0.96 
42 200-2-60-5-1-6-500 12.57 12.94 0.97 114 250-2-60-5-1-12-500 18.23 19.09 0.95 
43 200-2-75-3-1-6-500 12.46 12.94 0.96 115 250-2-75-3-1-12-500 18.15 19.09 0.95 
44 200-2-75-5-1-6-500 12.28 12.94 0.95 116 250-2-75-5-1-12-500 17.85 19.09 0.93 
45 200-2-60-3-2-6-500 12.32 12.94 0.95 117 250-2-60-3-2-12-500 17.72 19.09 0.93 
46 200-2-60-5-2-6-500 12.15 12.94 0.94 118 250-2-60-5-2-12-500 16.96 19.09 0.89 
47 200-2-75-3-2-6-500 12.03 12.94 0.93 119 250-2-75-3-2-12-500 17.01 19.09 0.89 
48 200-2-75-5-2-6-500 11.84 12.94 0.92 120 250-2-75-5-2-12-500 16.08 19.09 0.84 
49 200-2-60-3-1-8-500 12.46 12.94 0.96 121 250-3-60-3-1-6-500 31.95 32.64 0.98 
50 200-2-60-5-1-8-500 12.30 12.94 0.95 122 250-3-60-5-1-6-500 31.83 32.64 0.98 
51 200-2-75-3-1-8-500 12.16 12.94 0.94 123 250-3-75-3-1-6-500 32.19 32.64 0.99 
52 200-2-75-5-1-8-500 11.97 12.94 0.93 124 250-3-75-5-1-6-500 31.90 32.64 0.98 
53 200-2-60-3-2-8-500 11.93 12.94 0.92 125 250-3-60-3-2-6-500 31.53 32.64 0.97 
54 200-2-60-5-2-8-500 11.73 12.94 0.91 126 250-3-60-5-2-6-500 31.35 32.64 0.96 
55 200-2-75-3-2-8-500 11.62 12.94 0.90 127 250-3-75-3-2-6-500 31.68 32.64 0.97 
56 200-2-75-5-2-8-500 11.44 12.94 0.88 128 250-3-75-5-2-6-500 31.38 32.64 0.96 
57 200-3-60-3-1-6-500 20.66 20.76 0.99 129 250-3-60-3-1-8-500 31.75 32.64 0.97 
58 200-3-60-5-1-6-500 20.54 20.76 0.99 130 250-3-60-5-1-8-500 31.52 32.64 0.97 
59 200-3-75-3-1-6-500 20.82 20.76 1.00
*
 131 250-3-75-3-1-8-500 31.81 32.64 0.97 
60 200-3-75-5-1-6-500 20.62 20.76 0.99 132 250-3-75-5-1-8-500 31.45 32.64 0.96 
61 200-3-60-3-2-6-500 20.18 20.76 0.97 133 250-3-60-3-2-8-500 31.06 32.64 0.95 
62 200-3-60-5-2-6-500 19.93 20.76 0.96 134 250-3-60-5-2-8-500 30.80 32.64 0.94 
63 200-3-75-3-2-6-500 20.28 20.76 0.98 135 250-3-75-3-2-8-500 31.12 32.64 0.95 
64 200-3-75-5-2-6-500 19.96 20.76 0.96 136 250-3-75-5-2-8-500 30.76 32.64 0.94 
65 200-3-60-3-1-8-500 20.33 20.76 0.98 137 250-3-60-3-1-12-500 30.78 32.64 0.94 
66 200-3-60-5-1-8-500 20.13 20.76 0.97 138 250-3-60-5-1-12-500 30.44 32.64 0.93 
67 200-3-75-3-1-8-500 20.36 20.76 0.98 139 250-3-75-3-1-12-500 30.71 32.64 0.94 
68 200-3-75-5-1-8-500 20.11 20.76 0.97 140 250-3-75-5-1-12-500 30.29 32.64 0.93 
69 200-3-60-3-2-8-500 19.53 20.76 0.94 141 250-3-60-3-2-12-500 29.62 32.64 0.91 
70 200-3-60-5-2-8-500 19.22 20.76 0.93 142 250-3-60-5-2-12-500 29.01 32.64 0.89 
71 200-3-75-3-2-8-500 19.61 20.76 0.94 143 250-3-75-3-2-12-500 29.52 32.64 0.90 
72 200-3-75-5-2-8-500 19.28 20.76 0.93 144 250-3-75-5-2-12-500 28.32 32.64 0.87 




Table 10: Parametric study results for fy = 600 MPa  304	
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-600 3.85 4.06 0.95 73 250-1-60-3-1-6-600 6.05 6.33 0.95 
2 150-1-60-5-1-6-600 3.75 4.06 0.92 74 250-1-60-5-1-6-600 6.13 6.33 0.97 
3 150-1-75-3-1-6-600 3.72 4.06 0.92 75 250-1-75-3-1-6-600 6.12 6.33 0.97 
4 150-1-75-5-1-6-600 3.58 4.06 0.88 76 250-1-75-5-1-6-600 6.09 6.33 0.96 
5 150-1-60-3-2-6-600 3.44 4.06 0.85 77 250-1-60-3-2-6-600 6.18 6.33 0.98 
6 150-1-60-5-2-6-600 3.29 4.06 0.81 78 250-1-60-5-2-6-600 6.14 6.33 0.97 
7 150-1-75-3-2-6-600 3.35 4.06 0.82 79 250-1-75-3-2-6-600 6.11 6.33 0.97 
8 150-1-75-5-2-6-600 3.19 4.06 0.78 80 250-1-75-5-2-6-600 6.07 6.33 0.96 
9 150-2-60-3-1-6-600 10.04 10.80 0.93 81 250-1-60-3-1-8-600 6.22 6.33 0.98 
10 150-2-60-5-1-6-600 9.84 10.80 0.91 82 250-1-60-5-1-8-600 6.18 6.33 0.98 
11 150-2-75-3-1-6-600 9.72 10.80 0.90 83 250-1-75-3-1-8-600 6.16 6.33 0.97 
12 150-2-75-5-1-6-600 9.51 10.80 0.88 84 250-1-75-5-1-8-600 6.12 6.33 0.97 
13 150-2-60-3-2-6-600 9.51 10.80 0.88 85 250-1-60-3-2-8-600 6.12 6.33 0.97 
14 150-2-60-5-2-6-600 9.13 10.80 0.84 86 250-1-60-5-2-8-600 6.07 6.33 0.96 
15 150-2-75-3-2-6-600 9.19 10.80 0.85 87 250-1-75-3-2-8-600 6.05 6.33 0.96 
16 150-2-75-5-2-6-600 8.61 10.80 0.80 88 250-1-75-5-2-8-600 5.88 6.33 0.93 
17 150-3-60-3-1-6-600 15.94 16.91 0.94 89 250-1-60-3-1-12-600 6.05 6.33 0.96 
18 150-3-60-5-1-6-600 15.69 16.91 0.93 90 250-1-60-5-1-12-600 6.00 6.33 0.95 
19 150-3-75-3-1-6-600 16.16 16.91 0.96 91 250-1-75-3-1-12-600 5.97 6.33 0.94 
20 150-3-75-5-1-6-600 15.90 16.91 0.94 92 250-1-75-5-1-12-600 5.93 6.33 0.94 
21 150-3-60-3-2-6-600 15.35 16.91 0.91 93 250-1-60-3-2-12-600 5.78 6.33 0.91 
22 150-3-60-5-2-6-600 14.90 16.91 0.88 94 250-1-60-5-2-12-600 5.69 6.33 0.90 
23 150-3-75-3-2-6-600 15.54 16.91 0.92 95 250-1-75-3-2-12-600 5.66 6.33 0.89 
24 150-3-75-5-2-6-600 15.04 16.91 0.89 96 250-1-75-5-2-12-600 5.60 6.33 0.88 
25 200-1-60-3-1-6-600 5.49 5.37 1.02
*
 97 250-2-60-3-1-6-600 20.98 21.22 0.99 
26 200-1-60-5-1-6-600 5.45 5.37 1.01
*
 98 250-2-60-5-1-6-600 20.93 21.22 0.99 
27 200-1-75-3-1-6-600 5.36 5.37 1.00
*
 99 250-2-75-3-1-6-600 20.82 21.22 0.98 
28 200-1-75-5-1-6-600 5.34 5.37 0.99 100 250-2-75-5-1-6-600 20.68 21.22 0.97 
29 200-1-60-3-2-6-600 5.36 5.37 1.00
*
 101 250-2-60-3-2-6-600 20.94 21.22 0.99 
30 200-1-60-5-2-6-600 5.22 5.37 0.97 102 250-2-60-5-2-6-600 20.91 21.22 0.99 
31 200-1-75-3-2-6-600 5.18 5.37 0.96 103 250-2-75-3-2-6-600 20.80 21.22 0.98 
32 200-1-75-5-2-6-600 5.11 5.37 0.95 104 250-2-75-5-2-6-600 20.71 21.22 0.98 
33 200-1-60-3-1-8-600 5.37 5.37 1.00
*
 105 250-2-60-3-1-8-600 20.97 21.22 0.99 
34 200-1-60-5-1-8-600 5.33 5.37 0.99 106 250-2-60-5-1-8-600 20.93 21.22 0.99 
35 200-1-75-3-1-8-600 5.36 5.37 1.00
*
 107 250-2-75-3-1-8-600 20.79 21.22 0.98 
36 200-1-75-5-1-8-600 5.29 5.37 0.98 108 250-2-75-5-1-8-600 20.72 21.22 0.98 
37 200-1-60-3-2-8-600 5.09 5.37 0.95 109 250-2-60-3-2-8-600 20.80 21.22 0.98 
38 200-1-60-5-2-8-600 4.94 5.37 0.92 110 250-2-60-5-2-8-600 20.69 21.22 0.98 
39 200-1-75-3-2-8-600 4.91 5.37 0.91 111 250-2-75-3-2-8-600 20.54 21.22 0.97 
40 200-1-75-5-2-8-600 4.74 5.37 0.88 112 250-2-75-5-2-8-600 20.49 21.22 0.97 
41 200-2-60-3-1-6-600 14.30 14.57 0.98 113 250-2-60-3-1-12-600 20.59 21.22 0.97 
42 200-2-60-5-1-6-600 14.17 14.57 0.97 114 250-2-60-5-1-12-600 20.49 21.22 0.97 
43 200-2-75-3-1-6-600 14.04 14.57 0.96 115 250-2-75-3-1-12-600 20.38 21.22 0.96 
44 200-2-75-5-1-6-600 13.85 14.57 0.95 116 250-2-75-5-1-12-600 20.04 21.22 0.94 
45 200-2-60-3-2-6-600 13.90 14.57 0.95 117 250-2-60-3-2-12-600 19.75 21.22 0.93 
46 200-2-60-5-2-6-600 13.73 14.57 0.94 118 250-2-60-5-2-12-600 18.73 21.22 0.88 
47 200-2-75-3-2-6-600 13.59 14.57 0.93 119 250-2-75-3-2-12-600 18.85 21.22 0.89 
48 200-2-75-5-2-6-600 13.40 14.57 0.92 120 250-2-75-5-2-12-600 17.74 21.22 0.84 
49 200-2-60-3-1-8-600 14.05 14.57 0.96 121 250-3-60-3-1-6-600 36.01 36.73 0.98 
50 200-2-60-5-1-8-600 13.88 14.57 0.95 122 250-3-60-5-1-6-600 35.88 36.73 0.98 
51 200-2-75-3-1-8-600 13.74 14.57 0.94 123 250-3-75-3-1-6-600 35.39 36.73 0.96 
52 200-2-75-5-1-8-600 13.54 14.57 0.93 124 250-3-75-5-1-6-600 35.39 36.73 0.96 
53 200-2-60-3-2-8-600 13.48 14.57 0.93 125 250-3-60-3-2-6-600 35.57 36.73 0.97 
54 200-2-60-5-2-8-600 13.22 14.57 0.91 126 250-3-60-5-2-6-600 35.39 36.73 0.96 
55 200-2-75-3-2-8-600 13.12 14.57 0.90 127 250-3-75-3-2-6-600 35.39 36.73 0.96 
56 200-2-75-5-2-8-600 12.86 14.57 0.88 128 250-3-75-5-2-6-600 35.39 36.73 0.96 
57 200-3-60-3-1-6-600 23.54 23.68 0.99 129 250-3-60-3-1-8-600 35.82 36.73 0.98 
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58 200-3-60-5-1-6-600 23.39 23.68 0.99 130 250-3-60-5-1-8-600 35.57 36.73 0.97 
59 200-3-75-3-1-6-600 23.71 23.68 1.00
*
 131 250-3-75-3-1-8-600 35.39 36.73 0.96 
60 200-3-75-5-1-6-600 23.46 23.68 0.99 132 250-3-75-5-1-8-600 35.39 36.73 0.96 
61 200-3-60-3-2-6-600 22.95 23.68 0.97 133 250-3-60-3-2-8-600 35.05 36.73 0.95 
62 200-3-60-5-2-6-600 22.66 23.68 0.96 134 250-3-60-5-2-8-600 35.39 36.73 0.96 
63 200-3-75-3-2-6-600 23.06 23.68 0.97 135 250-3-75-3-2-8-600 35.39 36.73 0.96 
64 200-3-75-5-2-6-600 22.67 23.68 0.96 136 250-3-75-5-2-8-600 35.39 36.73 0.96 
65 200-3-60-3-1-8-600 23.14 23.68 0.98 137 250-3-60-3-1-12-600 34.75 36.73 0.95 
66 200-3-60-5-1-8-600 22.91 23.68 0.97 138 250-3-60-5-1-12-600 35.57 36.73 0.97 
67 200-3-75-3-1-8-600 23.16 23.68 0.98 139 250-3-75-3-1-12-600 35.39 36.73 0.96 
68 200-3-75-5-1-8-600 22.86 23.68 0.97 140 250-3-75-5-1-12-600 35.39 36.73 0.96 
69 200-3-60-3-2-8-600 22.18 23.68 0.94 141 250-3-60-3-2-12-600 33.36 36.73 0.91 
70 200-3-60-5-2-8-600 21.81 23.68 0.92 142 250-3-60-5-2-12-600 35.39 36.73 0.96 
71 200-3-75-3-2-8-600 22.23 23.68 0.94 143 250-3-75-3-2-12-600 35.39 36.73 0.96 
72 200-3-75-5-2-8-600 21.83 23.68 0.92 144 250-3-75-5-2-12-600 35.39 36.73 0.96 
Note: Mslots = bending capacity of slotted web channel, Msolid = bending capacity of solid web channel, * = numerical errors 305	
5 Proposed design rules for distortional buckling 306	
This section aims to improve the available Direct Strength Method (DSM) based distortional 307	
buckling design equations. DSM is an alternative design method and the ultimate capacities 308	
can be determined from the elastic buckling and yielding capacities. North American 309	
specification for design of cold-formed structural members, AISI S100 [27],  and Australian 310	
and New Zealand Standard for cold-formed steel structures, AS/NZ 4600 [28] provide the 311	
DSM design guidelines to predict the flexural capacity of CFS beams subject to local buckling 312	
and distortional buckling. The ultimate bending capacity for distortional buckling (Mbd) can be 313	
determined from Eqs. 1 and 2.  314	
For l! 	≤ 0.673,														𝑀+! = 𝑀-                                                                                                (1) 315	







𝑀-                                                         (2)                                              316	
 where l! = 𝑀- 𝑀8!  ,	l! is the non-dimensional slenderness to calculate Mbd,  𝑀- is the 317	
yielding moment which is the product of elastic section modulus (Z) of the section and yield 318	
strength and  𝑀8!  is the elastic distortional buckling moment. 319	
The latest version of both AISI S100 [27] and AS/ NZ 4600 [28] has the provision for inelastic 320	
reserve capacity for distortional buckling to account higher compressive strains in symmetric 321	
CFS beams. Therefore, the inelastic reserve capacity for distortional buckling can be 322	
determined for the CFS sections symmetric about the axis of bending or sections with the first 323	
yield in compression using Eq. 3. 324	
For l! 	≤ 0.673,														𝑀+! = 𝑀- + 1 −
:
;54
< 𝑀= −𝑀-                                                                (3)   325	
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Where 𝑀= is the plastic moment which is the product of plastic section modulus (S) and yield 326	
strength (fy) and 𝑐-! = 0.673 l! ≤ 3.  327	
The ultimate bending capacity prediction for distortional buckling using the current DSM 328	
equations (Eqs. 1, 2 and 3) is plotted in Fig. 22. It is essential to calculate the plastic moment 329	
(Mp) to plot the inelastic research bending capacity. Therefore, CFS solid sections were 330	
analysed to determine the elastic (Z) and plastic section modulus (S) to calculate the shape 331	
factor (S/Z) which is equal to the 𝑀=/𝑀-. The elastic section modulus was obtained from the 332	
finite strip method-based software THIN-WALL-2 [29]. Table 7 presents the shape factor 333	
values for the nine CFS solid web channels. The mean shape factor value for CFS solid web 334	
channels is 1.26 while the minimum value for the shape factor is 1.21. Therefore, as a 335	
conservative approach, 1.21 was selected for the analysis of the results of the parametric study. 336	
Fig. 22 is also plotted with the distortional buckling test results of CFS beams reported in Yu 337	
and Schafer [10] and Pham and Hancock [25]. The ultimate bending capacities for distortional 338	
buckling of 27 CFS solid channels obtained from the FE analyses are plotted in the DSM curve 339	
(see Fig. 23).  These FE results for the CFS beams with solid web are fitting well with the DSM 340	
curve for distortional buckling. 341	
AISI S100 [27] and AS/NZ 4600 [28] provides DSM based design guidelines to predict the 342	
ultimate bending capacity of the CFS beams with rectangular web holes. These provisions 343	
cannot be applicable for this staggered slotted perforated CFS beams due to the arrangement 344	
and patterns of the holes. Therefore, a simple approach is chosen where a reduction factor (qs) 345	
was proposed as a function of influencing parameters considered in the parametric study. The 346	
ultimate bending capacity of the staggered slotted perforated CFS beams subject to distortional 347	
buckling (Mslots) can be calculated by applying qs to its corresponding bending capacity of the 348	
solid CFS beams (Msolid) as mentioned in Eq. 4. 349	
𝑀?@8A? = 𝑀?8@B!×𝑞?                                                               (4)   350	
Using the comprehensive ultimate bending capacity data obtained for the parametric study (432 351	
results), an appropriate reduction factor equation was proposed considering all influencing 352	
parameters. Eq. 5 gives the proposed reduction factor equation. This equation was developed 353	
and optimised through a classic genetic algorithm and using the Generalised Reduced Gradient 354	
(GRG) solving method. The objective function was aimed to minimise the COV of the 355	
qs(FE)/qs(proposed) ratios of the 432 results while maintaining the mean value equal to unity. 356	
The optimisation resulted in a COV of 0.04, thus defines the satisfactory accuracy of the 357	
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proposed reduction factor equation. Fig. 24 depicts the comparison of the reduction factor 358	
obtained from FE analysis and proposed equation. 359	





















K.KKZ          (5) 360	
The proposed reduction factor qs can be adopted into the DSM equations for distortional 361	
buckling of CFS beams (Eq.2 and 3). The modified DSM equations with the reduction factor 362	
qs to predict the ultimate bending capacity of CFS beams with staggered slotted perforation are 363	
provided in Eqs.6 and 7. 364	







𝑀- 𝑞?                                           (6) 365	
 366	
For			l𝑑 	 ≤ 0.673,															𝑀𝑏𝑑,𝑠𝑙𝑜𝑡𝑠 = 𝑀𝑦 + 1 −
1
𝐶𝑦𝑑
2 𝑀𝑝 − 𝑀𝑦 	𝑞𝑠                                               (7)                                                           367	
Where qs can be substituted from Eq. 5.  368	
Fig. 25 shows bending capacity predictions of the staggered slotted perforated CFS beams 369	
obtained from the modified DSM equations (Eq.6 and 7) for distortional buckling. All 432 370	
points plotted in Fig. 25 reveals a satisfactory agreement with the DSM curve. Therefore, these 371	
modified DSM based design equations are suitable to predict the ultimate bending capacity of 372	
staggered slotted perforated CFS beams subject to distortional buckling accurately.  373	
6 Concluding remarks 374	
CFS beams with staggered slotted perforations are widely used in steel buildings to enhance 375	
the thermal performance. However, the effect of incorporating staggered slotted perforations 376	
on structural performance is not fully studied yet. Therefore, this paper has presented a 377	
comprehensive numerical analysis on staggered slotted perforated CFS flexural members 378	
subjected to distortional buckling. A detailed parametric study using 432 models was 379	
conducted to generate a wide range of ultimate bending capacity data set of CFS beams with 380	
staggered slotted perforations. The results showed that the slotted perforations in the web 381	
reduced the ultimate bending capacity up to 23%. Then, the results were used to modify the 382	
DSM based design equations to accurately predict the ultimate bending capacity of CFS beams 383	
with slotted perforations in accordance with the design rules for the solid-webbed CFS beams. 384	
The modified DSM based equations resulted good accuracy in predicting the bending 385	
capacities of slotted perforated channels, considering all the influencing parameters. Therefore, 386	
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the ultimate bending capacity of staggered slotted perforated CFS beams can be reliably 387	
calculated using the modified DSM based equations.  388	
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Fig. 8.  Failure mode comparison between test [26] and FE models of the tested specimen C15019-Mw 





















Fig. 9.  Load-vertical displacement behaviour obtained for the specimen C15019-Mw from test [25] 





















































































Section depth (D), mm 
(150, 200, 250) 
Slot length (Lsl), mm 
(60, 75) 
Number of slot row groups (N) 
(1, 2) 
Yield strength (fy), MPa 
(300, 500, 600) 
Thickness (t), mm 
(1, 2, 3) 
Slot width (Wsl), mm 
(3, 5) 
Number of slot rows (Wsl), mm 
(6, 8, 12) 
 
Fig. 12. FE models of 4800 mm long beam with staggered slotted perforations are provided in entire 












Fig. 13. FE models of 2600 mm long beam with staggered slotted perforations are only provided in the 

















































































(b) Staggered slotted perforated channels 











































(b) 250 mm section depth CFS channels 
 
Fig. 20.  Deformation failure pattern of 150 and 250 mm section depth CFS channels with staggered 



































































(f) Slot width 
 
 

























































Pham and Hancock [25]







































































FE Solid CFS beams
 
 




















































































Fig. 25. Bending capacity predictions for slotted perforated beams with proposed qs along with 
























Slotted CFS channels with proposed qs
FE Solid CFS beams
For solid CFS channels, qs = 1             For slotted perforated CFS channels, qs is from Eq. 5 
